A Gram-staining-negative, curved-rod-shaped bacterium with close resemblance to Vibrio cholerae, the aetiological agent of cholera, was isolated over the course of several years from coastal brackish water (17 strains) and from clinical cases (two strains) in the United States. 16S rRNA gene identity with V. cholerae exceeded 98 % yet an average nucleotide identity based on genome data of around 86 % and multi locus sequence analysis of six housekeeping genes (mdh, adk, gyrB, recA, pgi and rpoB) clearly delineated these isolates as a distinct genotypic cluster within the V. cholerae-V. mimicus clade. Most standard identification techniques do not differentiate this cluster of isolates from V. cholerae. Only amplification of the ompW gene using V. cholerae-specific primers and a negative Voges-Proskauer test showed a difference between the two clusters. Additionally, all isolated strains differed phenotypically from V. cholerae in their ability to utilize N-acetyl-D-galactosamine and D-glucuronic acid as sole carbon sources. Furthermore, they were generally unable to infect the slime mould Dictyostelium discoideum, a widespread ability in V. cholerae. Based on these clear phenotypic differences that are not necessarily apparent in standard tests as well as average nucleotide identity and phylogeny of protein-coding genes, we propose the existence of a novel species, Vibrio metoecus sp. nov. with the type strain OP3H T (5LMG 27764 T 5CIP 110643 T ). Due to its close resemblance to V. cholerae and the increasing number of strains isolated over the past several years, we suggest that V. metoecus sp. nov. is a relatively common species of the genus Vibrio, isolates of which have been identified as atypical isolates of V. cholerae in the past. Its isolation from clinical samples also indicates that strains of this species, like V. cholerae, are opportunistic pathogens.
A Gram-staining-negative, curved-rod-shaped bacterium with close resemblance to Vibrio cholerae, the aetiological agent of cholera, was isolated over the course of several years from coastal brackish water (17 strains) and from clinical cases (two strains) in the United States. 16S rRNA gene identity with V. cholerae exceeded 98 % yet an average nucleotide identity based on genome data of around 86 % and multi locus sequence analysis of six housekeeping genes (mdh, adk, gyrB, recA, pgi and rpoB) clearly delineated these isolates as a distinct genotypic cluster within the V. cholerae-V. mimicus clade. Most standard identification techniques do not differentiate this cluster of isolates from V. cholerae. Only amplification of the ompW gene using V. cholerae-specific primers and a negative Voges-Proskauer test showed a difference between the two clusters. Additionally, all isolated strains differed phenotypically from V. cholerae in their ability to utilize N-acetyl-D-galactosamine and D-glucuronic acid as sole carbon sources. Furthermore, they were generally unable to infect the slime mould Dictyostelium discoideum, a widespread ability in V. cholerae. Based on these clear phenotypic differences that are not necessarily apparent in standard tests as well as average nucleotide identity and phylogeny of protein-coding genes, we propose the existence of a novel species, Vibrio metoecus sp. nov. with the type strain OP3H T (5LMG 27764 T 5CIP 110643 T ). Due to its close resemblance to V. cholerae and the increasing number of strains isolated over the past several years, we suggest that V. metoecus sp. nov. is a relatively common species of the genus Vibrio, isolates of which have been identified as atypical isolates of V. cholerae in the past. Its isolation from clinical samples also indicates that strains of this species, like V. cholerae, are opportunistic pathogens.
Bacteria of the genus Vibrio are a group of ubiquitous marine organisms, most notable among them is Vibrio cholerae, the aetiological agent of the diarrhoeal disease cholera. Due to their clear phylogenetic differentiation, it has been suggested that V. cholerae and its closest known relative, Vibrio mimicus, should be placed in a different genus from the rest of the more than 100 species of the genus Vibrio with validly published names (Thompson & Swings, 2006) . We describe a novel species, Vibrio metoecus sp. nov., that is more closely related to V. cholerae than any other species of the genus Vibrio with a validly published name, yet can be differentiated using phenotypic and phylogenetic characteristics. We use multilocus sequence analysis (MLSA) of 19 strains of V. metoecus sp. nov. (Table  1) , average nucleotide identity (ANI) values obtained from whole-genome sequences and metabolic profiling of seven strains to clearly delineate Vibrio metoecus sp. nov. from other vibrios and demonstrate the species' close relatedness to V. cholerae.
A single V. cholerae-like bacterium was initially isolated from a water sample from the Chesapeake Bay estuary (MD, USA) in 1998 (Choopun, 2004) . While initially classified as V. cholerae based on its 16S rRNA sequence, a comparative genomic analysis revealed significant differences between this isolate and its closest relatives, V. cholerae and V. mimicus. The isolate was provisionally named 'Vibrio metecus' (Haley et al., 2010) . A global survey of the mobile gene pool content of V. cholerae led to the isolation of additional strains from the Oyster Pond (Falmouth, MA, USA) (Boucher et al., 2011) and since 2006, the bacterium has also been isolated from two human clinical cases as a seemingly opportunistic pathogen.
Sixteen V. metoecus sp. nov. and three V. cholerae strains from Oyster Pond (OP4A, OP4C and OP8A) were cultured and isolated as described by Choopun (2004) and Boucher et al. (2011) . Aliquots of water samples were filtered through hydrophilic 0.22 mm pore size filters (Pall Scientific). The filters were placed on thiosulfate citrate bile salts sucrose plates (TCBS, Difco) and incubated for two days at 30 u C. Resulting colonies showing typical yellow V. cholerae appearance were alternatingly restreaked on tryptic soy broth agar (TSB, Difco) and TCBS and a final time on TSB to obtain pure cultures. One additional environmental and two clinical isolates of V. metoecus sp. nov. were obtained from the United States Centers for Disease Control and Prevention (Atlanta, GA).
For scanning electron microscopy, isolate 06-2478 was grown overnight at 37 u C in TSB+10 g NaCl l
21
. Bacteria were filtered on 0.22 mm pore size Isopore filters (Millipore) before fixing in 2.5 % glutaraldehyde, 2 % paraformaldehyde in 0. overnight in a fume hood. Samples were mounted on a scanning electron microscopy stub, sputter coated with Au/ Pd and viewed in a Philips/FEI (XL30) scanning electron microscope.
For transmission electron microscopy, a single colony of V. metoecus sp. nov. strain 06-2478 was taken from a TSB +10 g NaCl l 21 agar plate that had been grown overnight at 37 u C and was subsequently fixed in 50 ml 2.5 % glutaraldehyde, 2 % paraformaldehyde in 0.1 M phosphate buffer for approximately 2 h. A droplet of sample was placed on a Formvar coated grid (Electron Microscopy Sciences), blot-dried with filter paper after 30 s and covered with a droplet of 2 % phosphotungstic acid (pH 7) for 15 s. The sample was viewed in a Philips/FEI (Morgagni) Transmission Electron Microscope with a Gatan Digital Camera.
Phenotypic characterization was performed on seven V. metoecus sp. nov. (two clinical: 08-2459 and 06-2478; five environmental: OP6B, OP5A, OP4B, OP1E and OP3H T ) and five V. cholerae strains (two clinical: N16961 and V52; three environmental: OP4A, OP4C and OP8A). This was done using API20NE (bioMérieux) and Biolog GN2 plates with cultures that had been grown on TSB agar plates overnight at 37 u C. Additional Voges-Proskauer assays were performed in BBL MR-VP Broth (BD), the tests for lysine decarboxylase and ornithine decarboxylase activity were performed in BBL Moeller Decarboxylase Broth (BD) with 10 g L-lysine or L-ornithine l 21 respectively, according to the manufacturers' instructions. The test for tartrate utilization was performed using the ingredients and procedure from BBL Jordan's tartrate agar deeps (BD). All phenotypic characterizations were also performed on V. mimicus CAIM 602, with the exception of Biolog GN2 plates, which were done by Nishiguchi & Nair (2003) .
Permissive growth temperature was determined in LB medium (Difco) with 1 % NaCl added in a range of 4-45 u C while permissive salinity levels were determined in LB medium at 30 u C in a range of 0-8 % NaCl. The ability to kill Dictyostelium amoebae, an assay designed for the detection of virulence-associated secretion genes in non-O1/non-O139 V. cholerae, was performed by co-plating of bacteria (V. metoecus sp. nov. OP1B, OP1D, OP1H, OP6H, OP3H
T , OP4B, OP4F, OP5A, OP5D, OP6A and OP6B as well as the five V. cholerae strains mentioned above) with Dictyostelium and observing plaque formation as described by Pukatzki et al. (2006) . All tests were performed in triplicate. The results of all phenotypic assays are given in the species description.
Genotypic analysis was performed as described in Boucher et al. (2011) and Maiden (2008) . All 19 V. metoecus sp. nov. and five V. cholerae isolates were grown in TSB overnight at 37 uC. DNA extraction was performed using a Tissue DNA kit (Qiagen) or Lyse-and-Go (Pierce). The partial 16S rRNA gene of OP3H T was amplified using primers 27F and 1492R (Lane, 1991) . Sequences were aligned with CLUSTAL W (Larkin et al., 2007) and Geneious 6.0.3 (Biomatters) was used to assess sequence variation. V. cholerae-specific internal transcribed spacer region (ITS) was amplified using primers pVC-F2 and PVCM as described previously (Chun et al., 1999) . V. cholerae-specific PCR amplification of ompW was performed using primers ompW-F and ompW-R following the protocol by Nandi et al. (2000) . For MLSA, fragments of six housekeeping genes (mdh, adk, gyrB, recA, pgi and rpoB) were amplified and sequenced as described in Boucher et al. (2011) . This analysis was performed for 17 strains of V. metoecus sp. nov., as well as three strains of V. cholerae (OPA4, OP4C and OP8A). Sequences for reference strains identified by a BLAST search of available genomes using OP3H
T sequences as queries and retrieved from GenBank (see Table S1 , available in the online Supplementary Material). Also included in the dataset was a single isolate of the yet to be formally described Vibrio sp. RC586 (Haley et al., 2010) . Partial sequences of these six genes were concatenated (3593 bp in total) and aligned using CLUSTAL W (Larkin et al., 2007) and a maximum-likelihood phylogenetic tree was reconstructed using RAxML 7.2.8-ALPHA with 100 bootstrap replicates and GTR Gamma substitution model with eight categories (Stamatakis, 2006) .
Whole-genome sequencing of strain OP3H
T was performed by generating single-end pyrosequencing (GS FLXTitanium, Roche Diagnostics and single-end Illumina reads (GAIIe sequencer; Illumina). Pyrosequencing reads were then assembled de novo by using Newbler version 2.5.3 (Roche Diagnostics). To correct potential base-calling errors attributed to homopolymers, Illumina GAIIe reads were mapped to the Newbler contigs by using CLC Genomics Workbench version 4.5 (CLC bio, Qiagen).
ANI was calculated between the genome of strain OP3H T and the previously sequenced genomes of strain RC341 (Haley et al., 2010) as well as V. cholerae N16916 and V. mimicus CAIM 602 (Table S1) V. metoecus sp. nov. strains resemble V. cholerae in the majority of biochemical and growth characteristics. Given their highly similar biochemical profiles, these two sister species are differentiated from V. mimicus by the same characteristics. Most phenotypic tests normally used to diagnose the identity of an unknown strain as V. cholerae yield identical results for V. metoecus sp. nov. However, there are some notable exceptions to this phenotypic similarity (Table 2 ). All strains of V. metoecus sp. nov. were able to grow using N-acetyl-D-galactosamine and D-glucuronic acid as a sole carbon source. No V. cholerae strains have so far been reported to use either substrate. Five of the seven V. metoecus sp. nov. strains tested were able to utilize a-cyclodextrin and two to utilize Tween-40; both abilities were absent in V. cholerae. Only one strain of V. metoecus sp. nov. displayed a slight ability to infect the slime mould Dictyostelium discoideum via virulence-associated secretion genes, while strong virulence towards this slime mould is ubiquitous in V. cholerae. Furthermore, all tested V. metoecus sp. nov. strains were negative for the VogesProskauer assay, which tests for the production of acetoin from the fermentation of glucose. Incidentally, this is the only biochemical characteristic that is shared between V. metoecus and V. mimicus while also differentiating them from V. cholerae (Table 2) .
V. metoecus sp. nov. cannot be differentiated from V. cholerae through the amplification and sequencing of the 16S rRNA gene (similarity of 16S rRNA gene sequences between V. metoecus sp. nov. type strain OP3H
T and V. cholerae strains ranges from 98.4 to 99.8 %), or amplification of the ITS region using V. cholerae-specific primers (both species yield strong products using this standard molecular diagnostic technique for V. cholerae) (Huq et al., 2005) . Although these results indicated a very close phylogenetic relationship, the PCR amplification of ompW using diagnostic V. cholerae primers (Nandi et al., 2000) , a gene encoding an outer-membrane protein, allowed the differentiations between strains of the two species, being positive for all V. cholerae and negative for all V. metoecus sp. nov. Also, MLSA allowed a clear phylogenetic delineation of V. metoecus sp. nov. from both V. cholerae and V. mimicus as well as from the single isolate of the as of yet to be formally described Vibrio sp. RC586 (Haley et al., 2010) (Fig. 1) . This further emphasizes the utility of MLSA over the use of the 16S rRNA gene for the identification of species of the genus Vibrio (Pascual et al., 2010; Preheim et al., 2011) . Furthermore, ANI between V. metoecus sp. nov. strains OP3H T and RC341 was 98.9 %. The ANI between the type strain OP3H T and V. cholerae N16961 was 86.6 % while the ANI to V. mimicus CAIM 602 was 86.3 %. This is far below the threshold for a taxonomic species, which is usually considered to be 95 % ANI or above (Goris et al., 2007) . Nishiguchi & Nair (2003) . DOf 11 tested V. metoecus sp. nov. strains, only OP6H showed signs of low-level virulence towards Dictyostelium discoideum. **Using V. cholerae specific primers from Nandi et al. (2000) .
Thus, despite a large overlap with V. cholerae in phenotypic characteristics and a 16S rRNA sequence similarity exceeding 98.4 % (a value found both between different strains of a single species and between closely related species, Rosseló -Mora & Amann, 2001), we propose, based on ANI and phylogenetic analysis, that the isolates described in this study should be assigned to a novel species, Vibrio metoecus sp. nov. We also note that due to their close resemblance in standard diagnostic characteristics, previous studies might have (mis)identified isolates of V. metoecus sp. nov. as atypical isolates of V. cholerae. The isolation of several strains over a period of more than 10 years from both environmental and clinical samples indicates that our novel species might represent a relatively common but overlooked species of the genus Vibrio in North America and perhaps elsewhere.
Description of Vibrio metoecus sp. nov.
Vibrio metoecus [met.oe9cus. N.L. masc. n. metoecus (from Gr. n. metoikos), non-resident, stranger].
A Gram-staining-negative, oxidase-positive, curved-rodshaped bacterium, roughly 1.25-2 mm in length and 0.4 mm in width. Exhibits motility by means of a single polar flagellum (Fig. 2) . The ability to utilize N-acetyl-Dgalactosamine and D-glucuronic acid as well as the lack of virulence-associated secretion, ompW sequences amplifyable Vibrio metoecus 5E10 Fig. 1 . Phylogenetic relationships of V. metoecus sp. nov. and its closest relatives based on a concatenated dataset of six partial gene sequences. The tree is derived from a 3593 bp alignment composed of protein-coding housekeeping genes mdh, adk, gyrB, recA, pgi and rpoB. It was reconstructed by maximum-likelihood phylogenetic analysis using RAxML 7.2.8 (GTR Gamma substitution model, eight rate categories). The V. metoecus type strain is indicated in bold type. Relevant bootstrap values .50 % are shown. Bar, 0.04 substitutions per site. GenBank Accession numbers of all sequenced genes are KJ638721-KJ638858. Vibrio metoecus sp. nov.
